In this study, the influence of the probiotics, Pediococcus acidilactici (PA) and Saccharomyces cerevisiae boulardii (SCB), on intestinal immune traits and resistance to enterotoxigenic Escherichia coli (ETEC) infection was evaluated in pigs. Two weeks before farrowing, 30 sows and their future litters were allocated to the following treatments: 1) control group without antibiotic or probiotic treatment (CTRL), 2) control with antibiotic (tiamulin) added to weanling feed (ABT), or litters treated with 3) PA, 4) SCB, or 5) PA+SCB from 24 h after birth. During lactation, PA, SCB, or PA+SCB were given to piglets 3 times a week by gavage. After weaning at 21 d of age, probiotics or ABT were added to the diet. Four pigs per litter were chosen to evaluate performance and blood concentrations of folic acid and vitamin B 12 . Three of these were orally challenged with an ETEC strain on d 49 to 51 and killed on d 52. Three piglets from the rest of the litter were slaughtered on d 18 and 3 others on d 24. Blood, ileum, and mesenteric lymph node (MLN) samples were taken to characterize leukocyte populations, determine IgA concentrations in ileal flushes, and evaluate bacterial translocation in MLN. No treatment effect on postweaning performance and on blood con-
centrations of folic acid and vitamin B 12 was observed. In the ileum, the percentage of CD4 − CD8 +low T cells was greater (P = 0.05) in 18-d-old nursed piglets treated with PA than in those of the CTRL and PA+SCB groups. In the MLN, the percentage of CD8 + T cells was not affected by any of the treatments at d 18 and 24 but decreased (P = 0.006) after weaning. In the blood, CD8 + T cells were not affected by treatments or weaning. After the ETEC challenge (d 52), bacterial translocation to MLN was reduced (P = 0.05) in pigs treated with PA, SCB, PA+SCB, or ABT compared with CTRL. No treatment effect was observed on blood leukocyte populations after ETEC challenge, although a time effect (d 42 vs. 52) indicated that blood CD4 + and γδ-T lymphocytes were increased (P < 0.05) on d 52 compared with d 42, whereas CD4 − CD8
+low T lymphocytes and monocytes were markedly reduced (P < 0.01). Finally, the IgA concentration in ileal flushes collected on d 42 and 52 was greater in SCB and CTRL piglets than in ABT and PA piglets. In conclusion, probiotics may have the potential to modulate establishment of lymphocyte populations and IgA secretion in the gut and to reduce bacterial translocation to MLN after ETEC infection.
INTRODUCTION
In North America, it is a common practice to add antibiotics to the weaning diet of pigs to control enteric diseases. However, this practice may potentially result in the development of antibiotic resistance in host bacteria. Therefore, there has been increasing pressure on pig producers to adopt alternative strategies, making it possible to reduce or eliminate the use of antibiotics in feeds. Among the proposed alternatives, probiotics are considered good candidates because they have the potential to enhance the barrier properties of the intestinal wall (Madsen et al., 2001) and to stimulate immunity and intestinal defense against infection (Dugas et al., 1999) .
Pediococcus acidilactici (PA) and Saccharomyces cerevisiae ssp. boulardii (SCB) are 2 probiotics currently used in swine, and both have been shown to produce a variety of beneficial responses in different species, including pigs (Jurgens et al., 1997; Mathew et al., 1998; van Heugten et al., 2003) . For instance, Pediococcus has been shown to inhibit Salmonella growth in vitro and in vivo (Juven et al., 1991; Oyarzabal and Conner, 1995) and to reduce Escherichia coli O157:H7 counts in cattle manure (Brashears et al., 2003) , whereas Saccharomyces has been reported to stimulate intestinal immunity and to inhibit binding of bacterial toxins to enterocyte receptors (Buts et al., 1990; Pothoulakis et al., 1993) . A recent study in pigs also showed that Saccharomyces supplementation improves postweaning growth performance and modulates the proliferation rate of epithelial cells and the number of macrophages in the ileum (Bontempo et al., 2006) . Another mechanism of action for probiotics might involve interaction with micronutrients such as vitamins thiamine, riboflavin, pantothenic acid, and biotin (Branner and Roth-Maier, 2006) .
The aim of this study was to evaluate the mode of action of PA or SCB or both on the development of the intestinal immune system and on resistance to enteric infection caused by enterotoxigenic E. coli (ETEC), which is associated with diarrhea in weaned pigs (Fairbrother et al., 2005) . The influence of the probiotics on the folic acid and vitamin B 12 status of suckling piglets and weanling pigs was also determined.
MATERIALS AND METHODS
All animals were cared for and slaughtered according to the practices approved by the Animal Care Committee of the Dairy and Swine Research and Development Centre and according to the recommended code of practice of the Canadian Council of Animal Care (1993) .
Animals and Treatments
Forty-two multiparous Yorkshire-Landrace sows housed at the Dairy and Swine Research and Development Centre, Agriculture and Agri-Food Canada (Sherbrooke, Québec, Canada) were used. They were shipped by groups of 7 sows, and each shipment included 2 spare sows. Regumate (Intervet, Whitley, Ontario, Canada) was used to synchronize estrus, and sows, after estrus detection, were inseminated twice with tested semen provided by the Centre d'insémination Porcine du Québec (St-Lambert, Québec, Canada). Pregnancy was verified with an ultrasonic device at 25 d. At 100 d of gestation, the sows were transferred to their allocated treatment rooms (1 treatment per room) for farrowing. This precaution was taken to avoid crosscontamination between treatments. Spare sows were housed with control sows. Litter size was adjusted to at least 10 piglets per litter and never exceeded 12 piglets. If a sow had less than 10 piglets, piglet adoption was arranged within 48 h after farrowing using piglets from litters of the spare or control sows.
Overall, a total of 30 sows and their litters were used in a complete randomized block design and were distributed among the 5 experimental treatments (6 litters per treatment). The control without antibiotic in the weaning diet (CTRL), control with tiamulin (Denagard, Novartis Animal Health, Mississauga, Ontario, Canada) as antibiotic added in the weaning diet (ABT), and probiotics PA, SCB, or PA+SCB administered both during lactation and in the weaning diet. The probiotic PA was composed of lyophilized bacterium of the Pasteur Institute MA 18/5M strain of PA, whereas SCB was an active dry yeast that contained the Pasteur Institute CNCM I-1077 strain of SCB. Both probiotics were developed by the Institut Rosell-Lallemand (Montréal, Québec, Canada). During lactation, disposable pipets were used to orally administer the appropriate probiotic treatment, 10 9 cfu of the microrganism resuspended in 2 mL of peptone water, 3 times a week to piglets. The probiotics were first administered 24 h after birth. The CTRL and ABT groups received only peptone water throughout the lactation period. At 21 d of age, piglets were weaned and transferred to their respective rooms to avoid cross-contamination. Two commercial diets (Coopérative Fédérée, Montréal, Québec, Canada) were used. For the first 5 d postweaning, the piglets received a transition diet, and they were fed a typical starter diet (Table 1) thereafter. At weaning, either probiotic (10 9 cfu/kg of diet) or antibiotic (2 mg of tiamulin/kg of diet) treatments were incorporated into the basal diet. Feed and water were available ad libitum. The pigs were weighed within 24 h after birth and on d 14, 21, 28, and 42.
Three pigs from each litter were slaughtered on d 18 (before weaning) and 24 (after weaning). Samples of blood, mesenteric lymph nodes (MLN), ileal tissue, and ileal content were taken for analysis. After weaning, these pigs were housed individually. The other 4 weanling pigs from each litter were housed together in a pen and were followed for folic acid and vitamin B 12 status and resistance to a challenge with ETEC.
There is clear evidence that sows and their feces are the main factors influencing newborn piglet intestinal microbiota (Mackie et al., 1999) . Therefore, in this experiment, 1 room per treatment was used to minimize the risk of cross contamination of probiotic organisms among animals, as mentioned before. Precautions were taken to minimize the confounding room effect on intestinal microbiota and development of the immune system of piglets after birth. During the gestation period, sows were housed in the same room in close proximity to control environmental conditions that may have an impact on their health and intestinal microflora. Furthermore, all rooms used to house lactating sows and weaned piglets were located in the same section of the Swine Complex. Air quality and temperature were the same in all rooms, which were cleaned before start of the experiment and between each group of animals used in the experiment.
Immunization Procedures and E. coli Challenge
The 4 pigs per sow kept for the entire length of the experiment were orally immunized with 10 9 cfu of a live nonvirulent E. coli strain in 1 mL of sterile water at 30 and 43 d of age to evaluate the effect of the probiotics, as compared with that of the antibiotic, on the efficacy of the vaccine and its role in the intestinal response after a challenge with a pathogenic ETEC strain. At 45 d of age, 3 piglets per litter were transferred to level 2 containment facilities (Laboratoire d'Hygiène Vétéri-naire et Alimentaire, St-Hyacinthe, Québec, Canada) for challenge. The pigs were housed in groups (1 pen per experimental group). Four days after transfer (d 49), all pigs received an oral dose of 10 9 cfu of the virulent E. coli O149: F4(K88)-positive strain daily for 3 consecutive d (d 49 to 51) and were killed on d 52. A necropsy was performed, and intestinal contents and various tissues were removed for further evaluation. Jejunum brush border vesicles were prepared from all animals (18 pigs per experimental group) and examined for the presence of specific F4 receptors, as described previously (Baker et al., 1997) . Adherence tests were performed as described previously (Ngeleka et al., 1993) . Obtained from the E. coli laboratory (ECL, Université de Montréal, faculté de médecine vétérinaire, St-Hyacinthe, Québec, Canada), the strain ECL 8559 was used as the positive control for F4 and ECL 3463 (previously called 862B) as the negative control strain. Ten brush borders per pig were examined for each strain. Individual brush border vesicles were considered adhesive (presence of the specific F4 receptors) when more than 2 bacteria adhered to the brush border membrane. In a total of 18 pigs for each of the CTRL, ABT, SCB, PA, and PA+SCB groups, 7, 7, 7, 1, and 4 F4-receptor-positive pigs, respectively, were detected.
Measurement of Folic Acid and Vitamin B 12
Whole blood samples (3 to 5 mL) were obtained from pigs by venipuncture into disposable EDTA tubes (Becton Dickinson, Franklin Lakes, NJ). The blood samples were centrifuged at 4°C for 10 min (1,800 × g), and plasma was frozen at -20°C for measurement of folic acid and vitamin B 12 , 2 vitamins for which little information on the interaction with probiotics is available until now. For blood sampling on d 18 after birth, all piglets were separated from their mothers for 1 h, a period slightly longer than the natural interval between 2 suckling episodes (Pond and Houpt, 1978) , to standardize the effect of previous milk intake on metabolite plasma concentrations. For other sampling times after weaning (d 24, 32, and 42), feed and water were removed for 8 h before blood sampling.
Folic acid and vitamin B 12 were measured in duplicate by radioassay using the Quantaphase folate and B 12 radioassay kits (Bio-Rad Laboratories Ltd., Montreal, Québec, Canada). Interassay CV were 4.5 and 4.2%, and detection limits were 1 and 0.1 ng/mL for folates and vitamin B 12 , respectively. The procedure had been previously validated by Bilodeau et al. (1989) and Guay et al. (2002) .
Isolation of Leukocytes from Blood, MLN, and Intestinal Tissue
Jugular blood samples (10 mL) were collected from piglets killed on d 18, 24, or 52 using sodium heparin (143 USP units) tubes (BD Biosciences, Mississauga, Ontario, Canada). An additional blood sample was collected on d 45 before the pigs were transferred to carry out the ETEC challenge. Peripheral blood mononuclear cells were obtained by layering blood on Ficoll-Paque PLUS (Amersham Biosciences, Baie d'Urfé, Québec, Canada) and processed as described by Lessard et al. (2005) . The cells were suspended at 5 × 10 6 cells/mL in PBS containing 0.5% BSA, and 100 µL of cells was added to the wells of round-bottom 96-well microplates (Corning Life Sciences, New York, NY) for cell labeling. Mesenteric lymph nodes collected from piglets killed on d 18, 24, or 52 were minced with scissors in a Petri dish containing Hank's basal salt solution (HBSS; The analytical values for dietary folates and vitamin B 12 in the starter diet were 1.2 mg/kg (CV = 7%, n = 6) and 15.5 µg/kg (CV = 8%, n = 5), respectively.
Invitrogen Canada Inc., Burlington, Ontario, Canada) and aspirated into a 5-mL syringe. Tissue debris was left to settle for 5 min, and each cell suspension was placed on Ficoll-Paque PLUS. Tubes were centrifuged at 750 × g for 40 min at 20°C, and the cells collected at the interface were washed 3 times in HBSS. Cells were adjusted to a concentration of 3 × 10 6 cells/mL in Iscove's medium (Invitrogen) containing 10% fetal bovine serum (Invitrogen) and 1% antibiotic-antimycotic (Invitrogen), and 150 µL of cell suspension was placed in each well of round-bottom 96-well microplates with 30 µL of phorbol 12-myristate 13-acetate solution (Sigma-Aldrich Canada Ltd., Oakville, Ontario, Canada) at a concentration of 10 µg/mL and 30 µL of calcium ionophore solution (Sigma-Aldrich Canada Ltd.) at 100 µg/mL and 10 µL of GolgiPlug (BD Biosciences). They were incubated overnight at 37°C in a humidified, 5% CO 2 air chamber (Forma Scientific Inc., Marietta, OH). Once the incubation period completed, cells were washed twice with HBSS and labeling was performed.
The ileal intra-epithelial lymphocytes (IEL) and the mononuclear cells from the ileal mucosa were obtained together by digestion. Briefly, the end of the ileum was unrolled, and at 70 cm from the ileo-cecal junction, a 20-cm segment of the ileum was excised, opened, and scraped with a glass slide. Recovered ileal mucosa was incubated for 60 min on a rotating plate at 37°C in a Costar 75-cm 2 cell culture flask containing 100 mL of RPMI 1640 medium supplemented with collagenase at 100 U/mL (clostridiopeptidase A; Sigma-Aldrich Canada Ltd.), DNase1 at 0.05 mg/mL (Roche, Laval, Quebec, Canada), HEPES at 12 mM (Sigma-Aldrich Canada Ltd.), and 1% antibiotic-antimycotic (Invitrogen). The supernatant from the flask was transferred to 2 tubes of 50 mL. These tubes were centrifuged at 500 × g for 10 min at 20°C, and the cells were pooled and washed twice with 20 mL of HBSS without Ca ++ or Mg ++ (Invitrogen). Subsequently, the cells were suspended in 12 mL of 40% Percoll (Amersham Biosciences), and 12 mL of 70% Percoll was added under the 40% Percoll containing the cells. The tube was centrifuged at 750 × g for 40 min at 20°C and mononuclear cells were collected at the junction between the 40 and 70% Percoll. After 3 washes with HBSS without Ca ++ or Mg ++ , the cells were adjusted to a concentration of 5 × 10 6 cells/mL in PBS containing 0.5% BSA, and 100 µL of cells were placed in the wells of round-bottom 96-well microplates for cell labeling.
Flow Cytometry Analysis
Mononuclear cells from the blood and the intestinal tissue were labeled for flow cytometry according to the procedure described by Lessard et al. (2005) to characterize CD45 + , CD4 + , CD8 + , γδ-T lymphocyte populations, B-lymphocytes, monocytes, and macrophages. Ice-cold PBS containing 0.5% BSA was used to dilute antibodies. The different antibodies used and their cell specificity are presented in Table 2 . Labeling of leukocytes, γδ-T lymphocytes, and monocytes/macrophages populations were done with mouse monoclonal antibodies specific to the porcine cell surface markers CD45, Po-TcR1-N4, and SWC3 (VMRD, Pullman, WA), respectively, followed by a goat anti-mouse Ig conjugated to fluorescein (FITC; Southern Biotechnology Associates Inc., Birmingham, AL). The B lymphocytes were directly labeled with a goat anti-pig IgG conjugated to FITC (Jackson Immunoresearch Laboratories Inc., West Grove, PA). Double-labeling was used for CD4 and CD8 by incubating them with anti-CD4-FITC and anti-CD8-biotin simultaneously, followed by streptavidin cy-chrome conjugate (BD Biosciences).
Additional steps were carried out on cells from the MLN to permit staining for intracellular IFN-γ as described by the manufacturer (BD Biosciences). Briefly, after staining for CD4/CD8, Po-TcR1-N4, and SWC3 cell surface markers, 50 µL of a purified mouse IgG 1 λ monoclonal immunoglobulin isotype standard was added for 15 min to block Fc receptors and reduce nonspecific immunofluorescent staining. The plate was then washed once with PBS containing 0.5% BSA. Leukocytes were suspended in 100 µL of Cytofix/Cytoperm solution for 15 min and then washed twice with 200 µL of PermWash buffer. Then, 50 µL of the mouse anti-porcine IFN-γ monoclonal antibody (P2G10) conjugated to Rphycoerythrin was added to cells previously stained for cell surface markers, using mouse IgG 1 κ isotype control immunoglobin for background fluorescence. After washing with Perm-wash buffer, the cells were resuspended in PBS containing 1% paraformaldehyde and transferred to tubes. They were analyzed with an Epics XL-MCL flow cytometer using the Expo 32 Software (BeckmanCoulter, Mississauga, Ontario, Canada).
Bacterial Translocation into MLN
Following slaughter, the MLN were removed from challenged piglets and frozen at −80°C until time of Söderholm et al. (2002) . Briefly, 100 mg of the MLN were homogenized in 10 mL of cold phosphate buffer with a Polytron homogenizer (Kinematica Inc., Bohemia, NY). Samples were serially diluted, and 100 µL of each dilution was inoculated onto a blood agar plate. After 3 d of incubation at 37°C, the colonies were counted.
Measurement of Secretory IgA in Ileal Flushes
In piglets killed on d 18, 24, 42, and 52, a 20-cm segment of ileum taken approximately 50 cm from the cecum was flushed using 5 mL of PBS. This flush was then centrifuged for 10 min at 500 × g and frozen at −20°C. Before measuring secretory IgA (sIgA), the flush was centrifuged at 10,000 × g for 5 min at 4°C. The sIgA in the ileal flush was measured using a Pig IgA ELISA Quantitation Kit (Kit E100-102; Bethyl Laboratories Inc., Montgomery, TX).
Statistical Analysis
Data were analyzed as a randomized complete block design with the litter as the experimental unit. The MIXED procedure (SAS Inst. Inc., Cary, NC) was used to perform statistical analyses on the different variables, and the model included the treatment effect (5 groups, as well as the age effect, and their interaction when relevant). Treatment comparisons were done by testing the probiotic treatments (3 groups) against the negative control using a Dunnett's test for multiple testing. After weaning, comparisons between each treatment group and the ABT group were also done using the Bonferroni correction.
RESULTS

Growth Performance and Status of Folic Acid and Vitamin B 12
Average daily gain and BW after weaning are reported in Table 3 . No difference among treatments was observed. All piglets were in excellent health condition throughout the experiment, and no diarrhea was observed after weaning.
Changes in plasma concentrations of folic acid and vitamin B 12 are presented in Table 4 . Results showed that folic acid concentrations decreased after weaning (P = 0.01), the effect being particularly pronounced during the peri-weaning period (d 18 vs. 24). This effect seemed to be slightly modulated by treatments (treatment × weaning, P = 0.11). In fact, none of the separate comparisons were statistically significant on d 18, 24, and 32, but on d 42, plasma folates were less (P = 0.04) in PA+SCB piglets than in ABT piglets. Regarding vitamin B 12 concentrations, no day or treatment effect was detected.
Population of Cells in the Ileum, MLN, and Blood During the Peri-Weaning Period
Leukocyte populations in the ileum, MLN, and blood on d 18 and 24 are reported in Tables 5, 6 , and 7, respectively. In the ileum, the CD8 +low T lymphocytes were the main subpopulation of T cells affected by probiotic treatments (Table 5) . A treatment × weaning interaction in CD8 +low T cells (P = 0.05) indicated that probiotic treatments had a different effect on these lymphocytes on d 18 and 24. This effect was mainly due to the increased number of CD8 +low T cells in piglets treated with PA from birth compared with the control group (P = 0.12) and to PA+SCB group (P = 0.03) on d 18, whereas there was no difference on d 24. Percentages of CD8 +high T cells remained low, less than 2%, on both days. The percentages of B lymphocytes and macrophages were not affected by the treatments. A weaning effect (P = 0.02) indicated that the percentage of B lymphocytes markedly increased from d 18, before weaning, to d 24, after weaning. The percentage of γδ-T cells was too low to be detected in the ileum (results not shown).
In the MLN, results showed that CD8 +low was not affected by treatments, but a weaning effect indicated that the percentage of CD8 + T cells was decreased (P = 0.006) after weaning (Table 6 ). The percentage of CD8 +high T cells tended to be greater in piglets treated with PA than in the control before weaning (P = 0.11), whereas there was no difference after weaning. These results indicated that after weaning, the reduction in the number of CD8 +high T cells in the MLN tend to be more important in the PA groups than in other groups. A weaning effect was also noted in the percentages of CD45 + leukocytes (P = 0.001), CD4 + T lymphocytes (P = 0.001), and macrophages (P = 0.02), whereas a slight increase was observed in the percentage of B lymphocytes on d 24 compared with d 18 (P = 0.08). The percentage of T cells producing IFN-γ was not affected by treatment or weaning. Results indicated that the percentage of macrophages was also affected by treatments and weaning (treatment × weaning, P = 0.05).
The interaction was due to a difference between the ABT (14.48) and control (2.33) groups on d 18 but no difference on d 24 after weaning. The percentages of T cell populations in the blood were affected by weaning (Table 7) . Results showed a marked reduction in the percentage of CD8 + after weaning compared with before weaning (d 18 vs. 24, P = 0.01), together with an increase in γδ-T lymphocytes during the same period (d 18 vs. 24, P = 0.001). The effect on CD8 + cells was due to a marked variation in the subpopulation of CD8 +low T cells (d 18 vs. 24, P = 0.001). The results also indicated that CD4 + tended to be affected by treatments and weaning (P = 0.07). In pigs treated with PA or PA+SCB, the percentage of CD4 + T cells in the blood Intestinal immunity in pigs fed probiotics was reduced compared with the control group (P = 0.05 and 0.09, respectively) on d 24, whereas no difference was observed among treatments before weaning on d 18. Finally, the percentages of B lymphocytes and monocytes were not affected by probiotic treatments or time. The percentage of CD45 + leukocytes in the blood increased (P = 0.005) after weaning.
Population of Cells in the Blood Before and After ETEC Challenge
The CD4 + and γδ-T lymphocytes increased (P = 0.04 and 0.001, respectively) after the challenge (d 52) compared with before the challenge (d 42) regardless of the probiotic treatments (Table 8) . On the other hand, Table 6 . Proportion (%) of leukocyte populations in mesenteric lymph nodes of piglets treated with Pediococcus acidilactici (PA), Saccharomyces cerevisiae boulardii (SCB), or both (PA+SCB) or without probiotics (Control) during lactation and after weaning (d 21), or with antibiotic-enriched basal diet (ABT) after weaning 
Bacterial Translocation After ETEC Challenge
Counts of facultative anaerobic bacterial colonies in the MLN are presented in Figure 1 . Compared with pigs fed a diet enriched with ABT or probiotics (PA, SCB, or PA+SCB), the number of translocated bacteria was greater (P < 0.05) in pigs fed a nonsupplemented basal diet.
Concentration of sIgA in Ileal Flushes
Concentrations of total sIgA in ileal flushes of pigs fed a basal diet supplemented with probiotics or ABT are presented in Table 9 . There was a reduction with time (P < 0.001) in the sIgA titers in the ileum for all groups postweaning. In pigs kept for the entire length of the experiment, the concentration of sIgA was greater in control and SCB pigs than in those treated with medicated feed (P = 0.03 and 0.05, respectively). However, there was no difference in sIgA titers between pigs fed the medicated diet and those fed a PA-enriched diet.
DISCUSSION
Growth Performance and Vitamin B Status
Our results indicate that the administration of probiotics did not have an impact on the growth performance of the animal, which agrees with previously reported results showing that the prophylactic use of lactic acid bacteria does not consistently improve BW gain (Kyriakis et al., 1999; Simon et al., 2003; Veizaj-Delia et al., 2003; Broom et al., 2006; Taras et al., 2006; Gagnon et al., 2007) . Discrepancy between responses to probiotic treatments in neonate and weanling pigs may be attributed to several factors, including variations in age, environmental conditions, health status within herds, and the probiotic itself. It has often been postulated that growth-promoting compounds become more effective as the environmental conditions confronting the animal are exacerbated. In our research facilities, sanitary conditions were excellent, and hence the potential that probiotics or medicated food promote growth performance after weaning may be less (Dritz et al., 2002; Gaskins et al., 2002; Papaioannou et al., 2004; Kritas and Morrison, 2005; Kurti, 2005) .
Little information is available on the effect of probiotics on vitamin fate in the pig intestine. Although Branner and Roth-Maier (2006) hypothesized that dietary probiotics may interfere with the fate of B-vitamins at the intestinal level, they failed to show any effect of the administration of probiotics (Enteroccus faecium) on the bioavailability of thiamine, riboflavin, panthothenic acid, and biotin. Although a different approach was used in the current study, the absence of age or treatment effects on vitamin B 12 is in agreement with the findings of Branner and Roth-Maier (2006) . For folic acid, a decline of plasma concentrations with age has been shown previously during the same time period (Letendre et al., 1991) , and it is probably a consequence of the metabolic use of this vitamin after the considerable colostral transfer (Barkow et al., 2001) . However, to the best of our knowledge, the reductions of plasma folates observed at d 42 in PA+SCB groups compared with that of pigs treated with ABT have never been reported before. The presence of both probiotics might have induced either intraluminal intestinal consumption (or catabolism) of folic acid, or a decrease in its bioavailability, or both. In pigs, as well as in other species, folic acid availability for absorption in the intestine depends on the supply of dietary folates (mainly synthetic folic acid) and biliary folates (reduced biological forms; Aiso et al., 2001 ) from the entero-hepatic cycle, with the latter source being of major importance for the maintenance of folate status (Steinberg et al., Bars (±SE) with different letters differ at P < 0.05. Five litters per treatment (3 pigs per litter) were used. 1982). It is possible that the presence of both PA and SCB induced preferential metabolism of the reduced biological vitamers of biliary folates, and this folate pool became depleted more rapidly than in the other treatments, which in turn was reflected in systemic plasma folates. This hypothesis requires further investigation because the method used in the present experiment for the measurement of serum folates does not discriminate between synthetic and reduced forms of folates.
Effects of Probiotics on Intestinal Leukocyte Populations During the Weaning Period
The CD8 +low T lymphocytes in the ileum and CD8 +high cells in the MLN tended to be increased following administration of PA compared with control group before weaning. A similar effect on gut cellular immunity has been reported in day-old broilers fed standard diets with or without a commercial probiotic for 3 wk (Dalloul et al., 2003) . In this study, birds receiving the probiotic diet had more intestinal intraepithelial lymphocytes expressing the surface markers CD4 and CD8 in comparison with those receiving the control diet. In pigs, it was also reported that young adult animals receiving the probiotic E. coli strain Nissle 1917 for 21 d had greater CD8 + cell counts in the lamina propria of the ileum and colon as measured by immunohistochemistry (Duncker et al., 2006) . These results indicate that the increased number of lymphocyte subpopulations in the gut could result from stimulation of the local immune system by probiotic bacteria. However, Scharek et al. (2005) reported that the proportion of IEL CD8 + T cells was Lessard et al. reduced in piglets treated with Enterococcus faecium compared with control piglets. The difference between their results and the results of the present study could be related to the approach used to administer probiotics, the methodology used to isolate intestinal lymphocytes, and the probiotic itself. In our study, a known dose was given to each piglet 3 times a week, whereas in the study by Scharek et al. (2005) , the probiotic was administered to piglets by feeding the sow and piglets with probiotic-supplemented feed. Therefore, the amount of E. faecium that was ingested by each pig during the lactation period may have varied, and this may have an impact on the potential of probiotics to affect the development of the intestinal immune system of piglets. The mechanisms by which microbial products including probiotics modulate the establishment of intestinal immunocompetent cells in the IEL and the lamina propria or both are still under investigation. However, there is growing evidence that environmental factors including microbial colonization and exposure to a variety of antigens shape different components of the mucosal immune system in the gut (Shi and Walker, 2004; Bailey et al., 2005; Wei et al., 2006; Winkler et al., 2007) , and the results of many studies, including the current study, indicate that the administration of probiotics has the potential to modulate the establishment of lymphocytes in the gut-associated lymphoid tissue (Dalloul et al., 2003; McCarthy et al., 2003; Servin, 2004; Scharek et al., 2005; Duncker et al., 2006) .
Finally, when PA and SCB were administered together, the PA effect on CD8 + T cells was cancelled and even resulted in a reduced number of these cells in the ileum. This result indicates that SCB may interact with PA and may interfere with the potential of PA to modulate microbial diversity and to interact with the intestinal mucosa. The PA has been shown to be present in the gut of all pigs following administration and changes in the microbial diversity occurring during the first few days after weaning are attenuated in pigs treated with PA alone as compared with treated with SCB or receiving no probiotic (Gagnon et al., 2007) . Hence, as reported in other studies, inclusion of a live S. cerevisiae culture in the diet did not have a major effect on intestinal microflora (Mathew et al., 1998; Onifade et al., 1999; Medina et al., 2002) . More studies are needed to elucidate the antagonistic effect of SCB on other bacterial probiotics such as PA.
Bacterial Translocation and Blood Leukocyte Populations After ETEC Challenge
In the present study, administration of PA and SCB, either alone or together, or ABT, reduced bacterial translocation to MLN after ETEC challenge compared with the control group. This may have been due to a direct effect on the ETEC bacteria, or to an effect on the ability of the vaccinating strain to protect against subsequent translocation by the challenge ETEC strain.
Other studies have also reported that S. cerevisiae and lactic acid bacteria such as Lactobacillus plantarum and Bifidobacterium lactis reduce bacterial translocation (Herek et al., 2004; Osman et al., 2004 ) and protect against an E. coli-induced increase in intestinal permeability (Mangell et al., 2002) . However, Zaouche et al. (2000) reported that SCB does not modify bacterial overgrowth or translocation frequency in rats after small-bowel resection compared with a placebo group. Also, an increase of villus length in the small intestine and changes in the intestinal architecture were observed in weaned pigs treated with S. cerevisiae boulardii (Baum et al., 2002; Bontempo et al., 2006) . Probiotics may reduce bacterial translocation through interactions with the intestinal epithelial and immunocompetent cells that contribute to enhancing the barrier function of intestine wall and the protection from the deleterious effect of pathogens (Hester et al., 1996; Lamine et al., 2004; Vinderola et al., 2005) .
The reduced bacterial translocation in the PA and PA+SCB groups may be explained in part by the decreased proportion of pigs possessing F4 receptors in these groups than in the other groups. This would have resulted in less intestinal colonization of the F4-positive ETEC challenge and vaccine strains, and subsequent protective immune response. However, in F4-positive animals, vaccination with a nonvirulent ETEC provides protection against virulent ETEC through the colonization of the intestine by the vaccine strain and the production of IgM and IgA, which will block or reduce the attachment of virulent F4 positive ETEC to receptors mainly located on epithelial cells of the jejunum and ileum (Fairbrother et al., 2005) . Nevertheless, our results indicate that SCB, and possibly PA, reduced bacterial translocation to MLN. Moreover, in all groups, leukocyte populations in the blood were modulated by the ETEC challenge, indicating that blood leukocytes may have migrated toward the intestinal compartment in response to the ETEC challenge. To our knowledge, modulation of peripheral leukocyte populations in response to ETEC infection in pigs has not yet been described. However, in other animal models, it has been observed that enteric infections affect lymphocyte trafficking and activation in the gut (Bessay et al., 1996; Kambara and McFarlane, 1996; Kunkel et al., 2003; Lefrancois and Puddington, 2006) .
Concentration of sIgA in Intestinal Flushes
Our results showed that the sIgA concentration in ileal flushes was reduced in pigs that were treated with PA, PA+SCB, or the antibiotic compared with the control. Reduced IgA titer in animals treated with probiotics or antimicrobials could be related to improved barrier protection in these animals during the feeding period. If so, the attachment of bacteria to epithelial cells and possibly the penetration of bacteria across the mucosal barrier into lamina propria (also called bacterial translocation), where the majority of antibody-producing B cells reside, could be reduced. As reported previously, each particular enteric microbe induces a particular level and ratio of natural and specific IgA production in the gut, some inducing a greater proportion of specific antibody than others (Bos et al., 2001; Cebra et al., 2005) . Therefore, the induction of IgA production because of bacterial exposure could be less substantial in probiotic-or antibiotic-treated animals. For instance, in a study conducted in chickens inoculated with sporulated oocysts of Eimeria acervulina (Dalloul et al., 2003) , antibody concentrations against coccidial antigens in duodenal secretions were less in those fed a commercial probiotic than in a control group. Moreover, in mice, ingestion of yogurt containing Lactobacillus bulgaricus and Streptococcus thermophilus decreased fecal sIgA titers against cholera toxin, whereas sIgA titers increased in those fed yogurt containing Lactobacillus acidophilus and Bifidobacterium spp. (Tejada-Simon et al., 1999) . However, an increase in the number of sIgA-producing plasma cells in mice treated with Lactobacillus casei and L. acidophilus for 7 d has been also noted, but a time effect was observed in L. acidophilustreated mice where sIgA plasma cells increased in d 2 and 5, but decreased in d 7 (Perdigon et al., 1995) . The effect of intestinal microflora, including probiotics, on IgA production remains unclear.
Weaning Effect on Leukocyte Populations
Several studies have shown that there are changes in the intestinal lymphocyte populations after weaning (Pabst and Rothkotter, 1999; Solano-Aguilar et al., 2001; Bailey and Haverson, 2006; Brown et al., 2006) . Our results showed that 3 d after weaning the percentage of CD8 + subpopulation T cells was reduced in the ileum and the MLN compared with nursed piglets. Our results agree with a previous report indicating that lymphocyte populations isolated from the ileum and the MLN were the most greatly affected by weaning (Solano-Aguilar et al., 2001 ). However, no difference was observed in CD4 + and CD8 + T cells within the lamina propria of the small intestine of weaned and unweaned piglets (Vega-Lopez et al., 1995) , whereas in pigs weaned on a soy-based diet, the number of CD8 + lymphocytes was shown to be increased compared with pigs fed a milk-based diet, indicating that diet composition may also affect the establishment of leukocytes in the gut (McCracken et al., 1999) . The interpretation of results could also be affected by the sampling techniques used to analyze intestinal leukocyte phenotypes in a specific area because different areas of the intestine show unique histological features (Clarke and Hardy, 1971; Bailey and Haverson, 2006) . Finally, percentages of blood monocytes and ileal macrophages were not affected by probiotic treatments and weaning, whereas a treatment × weaning interaction was observed for MLN macrophages. This unexpected result, which is due to a difference between the control and ABT groups on d 18, could have been due to a confounding room effect with dietary treatments. Moreover, all sows were not farrowing on the same day and 18-d-old piglets used for cytometry measurements were processed on 3 consecutive days based on farrowing day. Control and ABT groups were not processed on the same day throughout the experiment and variation in labeling of MLN macrophages occurred. Therefore, a processing day effect may also be responsible for these unexpected results. However, such an effect on cell labeling was not observed for other populations of cells in MLN and other tissues.
In conclusion, ingestion of PA after birth has the potential to modulate the establishment of CD8 + cells and the secretion of intestinal IgA in the ileum, whereas SCB may have no effect. The SCB and, possibly PA, reduce bacterial translocation to MLN after ETEC infection but may have a limited impact on growth performance and folic acid and vitamin B 12 homeostasis. Results also indicate that lymphocyte populations in different compartments of gut-associated lymphoid tissues were affected by weaning regardless of probiotic treatments. Further investigation is warranted to gain a better understanding of the mechanisms by which PA and SCB affect interactions among intestinal microbiota and intestinal epithelial and immune cells and alter systemic and enteric immune functions when they are administered to suckling and weanling pigs.
